Abstract In nonmammalian vertebrates, photic cues that regulate the timing of seasonal reproductive cyclicity are detected by nonretinal, nonpineal deep brain photoreceptors. It has long been assumed that the underlying mechanism involves the transmission of photic information from the photoreceptor to a circadian system, and thence to the reproductive axis. An alternative hypothesis is that there is direct communication between the brain photoreceptor and the reproductive axis. In the present study, light and confocal microscopy reveal that gonadotropin releasing hormone (GnRH) neurons and processes are scattered among photoreceptor cells (identified by their opsin-immunoreactivity) in the lateral septum (SL). In the median eminence (ME), opsin and GnRH immunoreactive fibers overlap extensively. Single and double label ultrastructural immunocytochemistry indicate that in the SL and preoptic area (POA), opsin positive terminals form axo-dendritic synapses onto GnRH dendrites. In the ME, opsin and GnRH terminals lie adjacent to each other, make contact with tanycytes, or terminate on the hypophyseal portal capillaries. These results reveal that brain photoreceptors communicate directly with GnRH-neurons; this represents a means by which photoperiodic information reaches the reproductive axis.
It is well established that photic stimuli associated with changing day length regulate seasonal cycles of reproduction. In mammals, light cues are transmitted from the retina to the circadian system of the suprachiasmatic nuclei (SCN), ultimately reaching the pineal gland where the duration of melatonin secretion determines the timing of seasonal endocrine secretions (Bartness et al., 1993) . In birds, there is no evidence that melatonin secretion controls reproductive cycles, though there is a reduction in the amplitude of melatonin in midsummer and midwinter in some high-latitude birds (reviewed in Gwinner et al., 1997) .
In comparing mammals and birds, there are differences not only in the function(s) of the pineal gland but also in the significance of photic input from the eyes. In small mammals, ocular enucleation results in complete loss of seasonal cyclicity. It has been assumed that a similar pathway, from photic receptors to circadian pacemakers to GnRH effectors, occurs in nonmammalian vertebrates. In these species, however, the sensory element entails a nonretinal, nonpineal photoreceptor residing deep within the brain. In evidence, there is no change in the pattern of seasonal changes in gonadal growth and secretion of LH (Luteinizing hormone) following enucleation and/or pinealectomy (reviewed in Oliver and Baylé, 1982; Wilson, 1991) . In contrast, if the head is covered so that light cannot penetrate the skull, photoperiodic responses are eliminated (Menaker et al., 1970) , providing compelling evidence for the importance of brain photoreceptors.
To understand how photic information reaches the gonadal system, it was necessary to locate and characterize brain photoreceptors. The existence of brain photoreceptors in nonmammalian vertebrates has been known for more than 8 decades (reviewed in Oliver and Baylé, 1982) ; however, they have been difficult to find anatomically. Initial attempts to localize brain photoreceptors involved lesion studies and directed illumination using fiber optics. Lesion studies brought the problems of transecting fibers of passage, among other issues. Fiber optic implants resulted in the spread of the light signal from the point of illumination within the brain. Not surprisingly, these studies implicated many brain regions as potential loci for encephalic photoreceptors.
More recently, there has been success in finding brain photoreceptors with the use of anti-opsin antibodies. Rod and cone photopigments are well conserved. All photopigments consist of an opsin protein (part of a family of transmembrane proteins), which binds to a chromophore (Kandel et al., 2000) . Initial studies using a variety of anti-opsin antibodies over a period of 15 years failed to reveal these neural elements. These failures may have resulted from the fact that the immunopositive neurons are highly localized to very small brain regions. In 1988, however, we (Silver et al., 1988) used an antibody directed against rod opsin and successfully identified cerebrospinal fluid-(CSF-) contacting neurons in the septum lateralis (SL) and hypothalamus. This was subsequently confirmed and extended using other anti-opsin antibodies (reviewed in Foster et al., 1994; Foster and Soni, 1998) . The immunocytochemical results have been extended and confirmed in recent years using molecular biological techniques. In situ hybridization using rod opsinspecific probes substantiated the immunocytochemical studies (Wada et al., 1998) . Furthermore, the occurrence of novel opsins in extraocular sites has been reported by several laboratories (reviewed in Foster and Soni, 1998) . The next step in understanding the interface between the photic and reproductive system requires exploration of the route whereby photic input from brain photoreceptors reaches GnRH neurons. To this end, we examined opsin-and GnRH-positive cells using light, confocal, and electron microscopic immunocytochemistry.
MATERIALS AND METHODS

Animals
Subjects were adult ring doves (Streptopelia roseogrisea), housed in visual isolation in suspended metal cages (10 × 8 × 14 inches), and maintained at 20 to 22°C under a 14:10 light-dark schedule with lights on at 0600 h. Animals were sacrificed between 1000 and 1400 h. Food, water, and grit were available ad libitum. All animal care was carried out according to the National Institutes of Health guidelines, approved by the IACUC (Institutional animal care and use committee) of Columbia University.
Perfusion
For light microscopy, animals were perfused using 4% paraformaldehyde and 0.1% glutaraldehyde, with the pH shift postfix (from pH 7.4 to pH 10.4) described below. For electron microscopy, the perfusate (pH 7.4) was 4% paraformaldehyde and 0.2% glutaraldehyde. Brains were postfixed in the perfusate at 20°C for 2 h and overnight in 4% paraformaldehyde at pH 10.4 (Eldred et al., 1983) . This fixation was critical to the identification of both opsin and GnRH in the same section. Finally, brains were embedded in 12% gelatin and cut on a vibratome.
Light Microscopy and Use of Fluorophore
Two protocols were used to screen for regions of overlapping opsin-and GnRH-positive neurons. First, alternate sections (50 µm) from 4 birds were reacted immunocytochemically with antibodies against opsin (RET-P1, gift of C. Barnstable) or GnRH (LR-1, gift of R. Benoit; see Silver et al., 1988; Saldanha et al., 1994 for details of methods used). Next, for a more detailed examination of overlapping distributions of the two antigens, 20 µm sections were cut in two brains through the SL, preoptic area (POA), and median eminence (ME) and were double labeled for opsin and GnRH. On half the sections, opsin antibody (1:20 K, 48 h) was reacted first and visualized with Vector SG chromogen (stains blue-black), followed by incubation with GnRH antiserum (1:5 K, 96 h), visualized with 0.03% diaminobenzidene (DAB; stains brown). The alternate set was treated for detection of GnRH (1:40 K, 48 h) and visualized with the blue-black color (SG) followed by incubation with anti-opsin antibody (1:10 K, 48 h), which was visualized as brown (DAB). The distribution of opsin and GnRH-immunoreactive elements was traced from the lobus parolfactorius to the level of the oculomotor nerve, using a camera lucida.
Confocal Microscopy
Animals (N = 6) were perfused as above, and 50 µm vibratome sections were cut. For GnRH, sections were incubated in LR-1 (LR-1 1:5 K) followed by goat antirabbit FITC (Fluorescein isothiocyanate). For opsin, the same sections were incubated in RET-P1 (1:15 K) followed by biotinylated horse anti-mouse secondary and avidin Texas Red. Sections through SL, POA, and ME were examined.
Electron Microscopy
Three approaches were used in the ultrastructural analysis.
Single Label, Single Antibody
To determine the relative synaptic density onto opsin and GnRH neurons (N = 3 doves), sections were cut at three levels separated by 350 to 450 nm. Montages were made of the cells and synapses counted. Synapses on dendrites present in these same thin sections were also tallied.
The single label, single antibody protocol for GnRH and for opsin was also used to establish the general staining pattern for each cell type. This material was used to measure granule size within opsin and GnRH neurons. For this analysis, 8 cells of each type (cut through the plane of the nucleus) were photographed at 3 levels separated by~450 nm. Cells were harvested from the brain region in which they are most numerous: The opsin positive cells were from the SL and the GnRH cells from the POA. Granules in opsin (N = 121) and GnRH (N = 88) cells were examined by scanning the photomicrographs and measuring granule sizes (surface area) using the NIH Image (v1.61) program.
Double Label, Two Antibodies
A double label procedure was used to mark simultaneously, in a single section, GnRH and opsin-positive neurons (N = 5 doves). The chromogens used were TMB and DAB (described in Chen et al., 1989) , with the following minor modifications. Sections from SL, POA, or ME were exposed to 1% NaBH 2 for 30 min, 10% normal goat serum 0.05% saponin overnight, and 1:5 K LR-1 in saponin for 7 days at 4°C. Immunoproduct was visualized by treating the sections with 0.03% DAB in glucose-glucose oxidase reaction mixture to generate hydrogen peroxide. Sections were subsequently washed in 20% normal horse serum in saponin overnight and then incubated in 1:15 K RET-P1 in saponin for 8 days at 4°C. Sections were washed for 3 days in 0.1 M PB at 4°C, exposed to 1:250 biotinylated horse anti-mouse IgG (Vector) in saponin overnight at 4°C, washed 3 times for 15 min each, exposed to 1:100 avidin-biotin-HRP (Vector) for 2 h, and washed again 3 times for 15 min. Opsin was visualized using TMB. Following staining, tissue was microdissected, postfixed in 2% osmium tetroxide in 0.9% NaCl for 1 h, and embedded in Epon for ultrathin sectioning.
Single Label, Two Antibodies
The foregoing protocol did not reveal any synapses of opsin terminals onto GnRH cell bodies or vice versa. To verify these results and to optimally reveal all synapses of GnRH and opsin neurons, we used antibodies to opsin and to GnRH on the same section and localized both using DAB (N = 5 doves). This procedure was used to determine whether any labeled synapses occurred at all (either GnRH or opsin) onto labeled cell bodies or their processes.
An extensive survey of both SL and POA tissue was performed. From epon-embedded blocks (approximately 1 mm 2 ), semithin sections were examined in the light microscope to determine if any immunoreactive cell bodies and/or processes were present. Serial sections (5-7 sections, each 70 nm thick) were collected. In this fashion, we surveyed a total of 16 mm 2 of SL and 21 mm 2 of POA from 5 birds. These represent the regions of highest density of opsin and GnRH, respectively (see Fig. 1 ). Photomicrographs for more detailed analysis were taken of all sections where interactions between the two systems were seen.
RESULTS
Light Microscopy
As previously reported, opsin and GnRH neurons and/or their axons were abundant in 3 areas: SL, POA, and ME (Silver et al., 1988 (Silver et al., , 1992 . The distribution of both opsin and GnRH elements is shown diagrammatically in Figure 1 . In SL, opsin and GnRH perikarya and fibers lie in close proximity, with most opsin perikarya lining the lateral ventricles and most GnRH perikarya lying more laterally. In the POA, scattered opsin fibers lie amid abundant GnRH neurons. Opsin-containing fibers course from the SL to the ME close to the midline and do not reach the lateral hypothalamic retinorecipient area. In ME, opsin and GnRH fibers overlap extensively.
Confocal Microscopy
The foregoing observations were extended using confocal microscopy ( Fig. 2) to determine whether there were appositions between opsin and GnRH in regions where the two systems overlap. In SL and POA, opsin-GnRH interactions include apparent contacts between soma and fibers ( Fig. 2A) . In the ME, GnRH and opsin fibers are very abundant and their distribution largely overlaps through most of this region (Fig. 2B ).
Electron Microscopy
To determine whether the appositions between the opsin and GnRH systems observed with confocal microscopy represented synaptic contacts, ultra- structural immunocytochemistry was used. Several different EM protocols were used, each with a different rationale. Single-label DAB provides maximal ultrastructural preservation and was used to characterize the cellular morphology and the distribution of immunoreactivity in cells and processes.
Single Label, Single Antibody-Opsin
Opsin neurons (Fig. 3A) have abundant rough endoplasmic reticulum (RER), a large Golgi apparatus, and a cilium that projects into the neuropil (Silver et al., 1988) . Reaction product for opsin is restricted within secretory granules within the cell body, adventricular knobs (terminal structure penetrating between ependymal cell and contacting the cerebrospinal fluid), axons, and terminals and is absent from the RER and Golgi.
As summarized in Table 1 , opsin cells receive axosomatic (2.3 ± 0.4 synapses/soma; N = 18 cells) and axodendritic afferents (3.2 ± 0.8 synapses/dendritic profile). The surface area of the opsin granule is 22,798 ± 581 nm 2 (X ± SEM), measured using the NIH Image program (see Methods). No synapses were seen on the CSF-contacting terminal. Opsin-containing axons form synapses in the SL and the POA with unidenti- (Table 2) . No opsinopsin synapses were found.
Single Label, Single Antibody-GnRH
GnRH immunoreactivity, in contrast to opsin, is present within the RER of the soma and dendrites as well as in secretory granules in each neuronal compartment (Fig. 3B) . In GnRH processes and synaptic terminals, the reaction product covers not only the synaptic granule but also the adjacent cytoplasm.
As summarized in Table 1 , GnRH cells are innervated at a density of 2.6 ± 0.9 synapses/soma; 2.9 ± 1.1 synapses/dendritic profiles in the SL (n = 17), and at a density of 2.1 ± 1.1 synapses/soma; 2.4 ± 1.4 synapses/ dendritic profile in the POA (n = 15). The area of GnRH granules (14,134 ± 641 nm 2 ; X ± SEM) in GnRH cells was not significantly different from that of opsin neurons (t test, p > 0.05). In the SL and POA, GnRH axons also form synapses on unidentified cell bodies and dendrites (Table 2) . No GnRH-GnRH synapses were identified.
Double Label, Two Antibodies
As revealed by the conventional and confocal light microscopic work, opsin and GnRH fibers are in contact through much of the zona externa of the ME. These opsin-and GnRH-expressing axons touch each other with no intervening glial elements (Fig. 4A) . These points of contact occur close to the hypophyseal portal capillaries, particularly at the lateral aspects of the zona externa. Opsin-and GnRH-positive terminals end on either tanycyte foot processes or the basal lamina of the hypophyseal portal capillaries. No synapses were apparent on or between opsin-or GnRH-expressing terminals.
Of the 18 opsin and 22 GnRH cells examined, neither opsin synapses on GnRH cell bodies nor GnRH terminals on opsin cell bodies were found, though the confocal micrographs suggested appositions. Instead, we found that immunoreactive axons/terminals were separated from the immunoreactive cell bodies by intervening elements of neuropil. This is addressed further in the next study. The acid pH and the size of the TMB crystals can result in suboptimal preservation of the finest structural elements within the opsin cells and their processes. For this reason, a single-label DAB/DAB strategy was used as described below.
Single Label, Two Antibodies
In the first EM protocol (single label, single antibody), which produced excellent ultrastructure, no GnRH terminals onto GnRH cells and no opsin terminals onto opsin cell bodies were observed. In addition, there were differences between GnRH and opsin cells dendrites and axons in the distribution and appearance of the DAB reaction product (see above). We reasoned that the use of DAB as the sole chromogen would maximize the possibility of finding synaptic interactions between the two systems in the neuropil (i.e., axodendritic).
Nine examples of opsin innervation of GnRH dendrites (Fig. 4B ) or dendritic spines (Fig. 4 C,D) were found in the SL. Note that opsin terminals contain immunoreactive secretory granules and small lucent synaptic vesicles; a synaptic cleft and symmetrical preand postsynaptic densities were present (Fig. 4 B-D) . In some instances where structures containing both proteins were seen, GnRH-and opsin-positive processes were often separated from each other by unidentified dendrites (Fig. 4E) or astrocytes. Such small distances cannot be resolved by confocal microscopy, hence the necessity for ultrastructural studies. GnRH synapses onto opsin dendrites were not found.
DISCUSSION
The question of how photic information reaches the brain to alter reproductive responses has gained renewed interest with the demonstration of photoreceptors and photoreceptor proteins in extraocular neural sites of nonmammalian species (reviewed in Foster and Soni, 1998) . In birds, photic stimuli modulating seasonal reproduction are not detected by the retina (see Introduction) and there is compelling evidence of encephalic photoreceptors. Optical enucleation and/or pinealectomy does not alter seasonal cycles of gonadal changes or LH secretion (Wilson, 1991) . In contrast, in mammals, photic stimuli are detected by the retina, and there is no evidence of the existence of any encephalic photoreceptor (Nelson and Zucker, 1981; Yamazuki et al., 1999; Lockley et al., 1998) .
In mammals, photic information from the retina reaches the circadian system in the SCN, and from there information is relayed to the pineal gland (schematized in Fig. 5 ). Pineal melatonin modulates GnRH secretion by pathways yet to be determined. Based on a mammalian model (Van der Beek et al., 1997) , it had been assumed that in nonmammalian vertebrates, photic information would reach circadian pacemaker(s) in the SCN and that output from the circadian system would act on GnRH neurons to regulate the reproductive axis.
Contrary to expectation, the present results indicate the occurrence of direct interactions between brain photoreceptors and the reproductive axis. Opsin-positive synapses are seen on GnRH dendrites in the septum. The present finding constitutes the first description of the pathway for direct photic input to the neuroendocrine system. Although few, the synapses seen on dendritic shafts and spines are noteworthy. It is well established that innervation of GnRH cells in all species is quite sparse (reviewed in Silverman et al., 1994; present results) ; therefore, those synapses that do occur can play a large role in regulation of GnRH release. This is particularly true in light of the fact that GnRH neurons are connected by intercellular bridges (Witkin et al., 1995) , serving to amplify the effectiveness of individual synapses.
The present results indicate that the opsin-containing photoreceptors of the lateral ventricle send termi- nals to the vascular supply of the median eminence, supporting the notion that they are important in regulating pituitary function (directly or indirectly). At the level of the median eminence, there is very substantial direct contact among terminals. Opsin and GnRH axons course together across the zona interna of the median eminence, and within the zona externa their terminals end side by side on the perivascular space of the hypophysial portal capillaries. At the perivascular space, GnRH and opsin terminals can be separated from the fenestrated capillary by tanycytic end feet. Based on the structural evidence, we propose that secretions from the opsin terminals modulate the release of GnRH into the portal system. This observation is consistent with the emerging view that neurotransmitters and neuropeptides act in the median eminence in a nonclassical, terminal-to-terminal mode (Crowley, 1999) . Previous work demonstrated that all opsinexpressing cells co-localize vasoactive intestinal peptide (VIP) in birds (Silver et al., 1988; Saldanha et al., 1994) , and this has been confirmed in other species (Foster and Soni, 1998) . The VIP within the opsin system has the potential to regulate reproductive function via synaptic interactions all along the trajectory of its axons through the SL, POA, and hypothalamus. Similar results were obtained in the pigeon with VIP terminals from CSF contacting-cells making synapses onto GnRH neurons in the SL (Kiyoshi et al., 1998) . Furthermore, in the present work, opsin synapses on nonidentified neurons were abundant, indicating the occurrence of additional routes of communication.
The ME is another possible site of interaction. It is known that VIP receptors are present in the ME (Hof et al., 1991) . There is substantial evidence that VIP can modulate GnRH activity, with high VIP at times of low GnRH expression, both during the annual reproductive cycle (Saldanha et al., 1994) and within a breeding cycle (Cloues et al., 1990; Mauro et al., 1992) . VIP administration lowers plasma LH in ovariectomized rats, an effect not mediated by altered pituitary responsiveness to GnRH (Alexander et al., 1985; Stobie and Weick, 1989) . The data suggest that opsin/ VIP-containing photoreceptor cells can relay photic information to GnRH terminals in the ME.
The involvement of tanycytes in the regulation of neurohormone release at the ME is well documented in mammals (reviewed in Wittkowski, 1998) . The degree of ensheathment of GnRH neurosecretory terminals is regulated by the reproductive status of the animal. In rats, GnRH terminals are ensheathed by tanycytes at all times of the ovulatory cycle except the morning of proestrous (King and Rubin, 1994) . Furthermore, the proximity of GnRH terminals to the portal vasculature increases following gonadectomy (King and Letourneau, 1994) . These dynamic changes in the median eminence are thought to be vital for the regulation of gonadotropin secretion within the ovulatory cycle as well as at the onset of puberty (Ojeda et al., 1990; Terasawa, 1998) . Given the close Saldanha et al. / BRAIN PHOTORECEPTORS 47 apposition of the opsin and GnRH terminals in the median eminence, similar mechanisms may mediate seasonally regulated events such as the onset of puberty (McNaughton et al., 1995) and steroid feedback (Wilson, 1985) .
Opsins constitute a large family of proteins, some of which have recently been found in mammalian brain (e.g., Blackshaw and Snyder, 1999 ). The precise functions of these mammalian proteins remain to be elucidated. In nonmammalian vertebrates, many aspects of brain photoreception is understood. Encephalic photoreceptors are necessary and sufficient (vide supra) for the detection of changes in day length that determine seasonal reproductive readiness. The present results indicate how the link between the brain sensory cells and the reproductive axis is achieved and unexpectedly reveal that the circadian system is not a necessary intermediary between the sensory and reproductive components.
